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times, T.. can be Tong enough OtrZ 100

cient flashlamp pumping with reasonable lamp shot 1ife (>10

is) to provide for effi-
8 shots).

The strong interaction between the elec :ronic energy levels and the
crystal vibrations (vibronic interactici) leads to broad absorption and

emission bands.

This allows for effici:nt absorption of flashlamp pump
light, along with broadly tunable emiss<ion.

Furthermore, some of the near

infrared emission wavelengths are diffi:ult to generate by any other

means.

The concommitant low emission ¢ ~0oss sections reduce the potential

for parasitic oscillation and shortenirj of the excited state 1ifetime by

amplified spontaneous emission (ASE).

fhis will allow energy to be stored

in the medium at high density, and incr2ase the achievable output energy

per laser aperture.

In addition to possessing good quanium electronic properties, tunable
solid state lasers employing transitior metal ions as optical activators

may also exhibit good physical propert
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es. These include high stability

ical durability of the materials.
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activated by color centers.
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number of materials employing Cr”" e:ceeds the number of materials

employing all other transition metal: combined. It is worthwhile noting
that with the exception of titanium .oped sapphire, A1203:Ti3+, vir-
tually all of the materials based on other transition metal ions have only

been used at cryogenic temperatures. On the other hand, only one of the

Cr3+ based materials (ZnN04) require cryogenic cooling in order to

produce cw laser action. This is la gely adue to the lower nonradiative

relaxation rates exhibited by Cr3+ a room temperature.

based on activation by transition meial ions as of June 1986.

Cr3+ Lasers Others
BeA1204:Cr3+ MgFZ,'Ni2+
BeA1.(Si0,) . :Cro¥ MnF. NiZ*

32T 2,
Gd3(Sc.Ga)5012:Cr MgO:Ni
Gd,Sc A0, :Cro* KMgF ,:Ni2*

32" 3025 3 ’
Gd3Ga50]2:Cr . CaY?Mgzg$30]2:N1
La3LuzGa30]§:Cr MgFE,Co
Y.Ga 0, :Crot ZnF., Co%*

393597 ] 20
Y,Sc,Ga,0,,:Cr>* KMgF ,:Co“*
379233312 370
KZnF4:Cr * KZnt ,;Co *

ZnNO4:Cr3+ MgF ., V2+

SrA1F5:Cr3+ CsCaF3:V2+
. ~ 34 PRSI 1

NajGa,LigF ,:Cr A1L0. 0T

ScBO3:Cr3+

Because the strength of the cryst 1 field has a large effect on the
positions of the energy levels, the bserved tuning ranges of the various
Cr3+ doped crystals extends continuo sly from about 700 nm to nearly
1100 nm. Figure 1 depicts the tunin. ranges of representative materials
based on Cr3+ which have been demons rated to date.

The broadly successful use of the Cr3+ “on is not due to a single
factor, but can be attributed to a f .rtuitous combination of several uni-
que properties of the ion's 3d3 elec ron configuration. These include:
1. The presence of three spin allowe pump bands wnhich allows efficient

flashlamp pumping.
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Figure 1. Reported laser tuning ranges for Cr3+ jons in representative
crystals.

2. Chemical stability--Cr3+ is resista t to both oxidation and reduction.

3. The possibility of simultaneous occ.pation of crystallographic sites
with different anion coordination numbers (leading to undesirable
spectral characteristics) is minimi‘ed by a high octahedral crystal
field stabilization energy (CFSE). This -s especially important in
crystals with both octahedral and t:trahedral cation sites (e.g.
garnets).

4. Electron pairing does not produce a low-spin first excited state up to
relatively high crystal field streniths, so the dominant emission is
usually spin allowed.

5. The relatively large crystal field .plittings available stabilize the
first excited state against nonradi.tive relaxation.

6. The positions of the second and thid spin allowed absorption bands
result in a gap in the excited stat: absorption spectrum at the
emission wavelengths.

These points will be discussed in more detail in the following section.



3. Discussion of the Special Attribules of Trivalent Chromium

3.1 Pump Bands
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Figure 2. The absorption spectra of SrllFS:Cr showing three bands

spanning the visible and near ultravio

3.2 Chemical Stability
In many instances it is possible for t

lattices in more than one valence stat .

difficult if the desired valence state
natural site in the host crystal. The
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lent zn?* Such behavior has not
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Table 3. A comparison of the relative stability against chemical
oxidation and reduction for common iransition metal ijons.

Stability against Stability against

Ion Configuration oxidé tion . reduction
Ti3+ 3d! Low High

va+ 3d} Moderate Low

Ti2+ 3d2 Low High

v3+ 3d2 Moderate Moderate

v2+ 3d3 Low High

Cr3+ 3d3 High High

Mn4+ 3d3 High Low

Cr+ 3d4 Low High

Mn3+ 3d4 Moderate Low

MnZ+ 3dd High High

Fe3+ 3d5 High Low

Fel+ 3d6 High High

Co3+ 3d6 High Low

Co2+ 3d/ High High

NiZ+ 3d8 High Moderate

CuZ+ 3d9 High Low

The relative stability of the various common transition metal ions
against oxidation and reduction is ¢nown in Table 3. Ions not appearing
in Table 3 are uncommon because their valence is particularly difficult to
achieve. The relative stabilities ¢jainst oxidation and reduction for the
various ions were determined by examining the standard reduction
potentials of the electrochemical series.3 It is seen that Cr3+ is
one of only four ions that is resisiant to both oxidation and reduction.

3.3 Stability in Octahedral Coordin:tion

In crystals, transition metal catiors are most often bonded to four (tet-
rahedral) or six (octahedral) neightoring anions. Octahedral anion coor-
dination is important for several reisons. First, octahedral coordination
produces significantly higher crystel field splittings (i.e. energy gaps
between excited states) than tetrahedral coordination. For equal anion
charges and metal-ligand distances, for example, the ratio of the tetra-
hedral to octahedral crystal field <trength is given by4

Dq(tet)/Dgloct) = 4/9 (1)
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Higher crystal field splitting generall/ results in a greater stability of
the metastable excited states against ronradiative relaxation.

Secondly, octahedral coordination geiverally induces much smaller tran-
sition oscillator strengths between stites of the 3d" configurations.

This is because these ion sites often exhibit inversion symmetry (or near
inversion symmetry). Tetrahedral sitec, on the other hand, lack inversion
symmetry in the extreme, leading to greater mixing of electronic configu-
rations with opposite parity, and consequently produce much higher transi-
tion oscillator strengths. High oscil ator strengths lead to short radia-
tive Tifetimes for the metastable states and therefore make storage of
flashlamp pump energy more difficult. In octahedral coordination radia-
tive lifetimes greater than 100 ps are common.

There are numerous crystals which pcssess both octahedral and tetra-
hedral cation sites. Moreover, it is 15t unusual for the same ion, or for
ions with the same valence to be locatid on such differing sites. The
generic formula for an oxide garnet cr:stal, for example, is A3BZC30]2,
where A is an 8-fold coordinated (dodeiahedral) site, B is a 6-fold coor-
dinated (octahedral) site, and C is a «-fold coordinated (tetrahedral)
site. In gadolinium gallium garnet (G(G), Gd3Ga5012, the gallium
ions reside on both the octahedral and tetrahedral sites. 1In gadolinium
scandium gallium garnet (GSGG), most o the octahedral sites are occupied
by scandium ions which have the same + valence as gallium.

As a dopant in garnet crystals Cr3+ occupies only the octahedral
sites. If there were Cr3+ ions on the tetrakedra! sites an absorption
band would appear at longer wavelength than the normal Cr3+ bands due
to the reduced crystal field strength t these sites. Such longer wave-
length absorption would most 1ikely ov rlap the Stokes shifted emission
band of the normal octahedrally coordi ated Cr3+ ions. Furthermore the
intensity of this absorption would be 'igh due to the lack of inversion
symmetry. Laser action would therefor  be inhibited or quite possibly
prevented altogether by the increased osses at the normal laser wave-
lengths. Thus, if Cr3+ had even a slitht tendency to occupy tetrahedral
sites, it is very likely that none of ‘he six oxide garnets in Table 1
would exhibit laser action. (It shoul! be noted that tetrahedrally coor-

dinated Cr3+ has been reported in LiAl;Og.)5
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The strong preference of Cr3+ for o« tahedral coordination can be
understood qualitatively through th: model depicted in Fig. 3. In octa-
hedral coordination the d-orbitals vhich are 5-fold degenerate in the free
jon split into low-energy, triply-digenerate t2g orbitals, and high
energy, doubly-degenerate eg orbita s. The magnitude of the splitting

is (by definition) 10Dg(oct). Rela ive to the center of gravity of the
configuration, then, the t2g levels lie at -4dg(oct), and thg e
levels lie at +6DgCoct). The Towes energy state for the 3d
of the Cr3+ jon is obtained with on electron in each of the tZg
orbitals with parallel spins. The rystal field stabilization energy
(CFSE) of this configuration would herefore be -4Dg(oct) x 3 electrons =
-12Dq(oct) relative to the center o gravity.

electrons

Octahed: il
coordinati »n
ST G 1
I 6 Dq (oct)

——— 2 -
Degenerate \‘\\ b 4 Dq (oct)
d-orbitals S R O 2% X

CFSE = 12 )q (oct)

Tetrahed al
Energy coordinat n

Energy

>

I‘

______ e T {ﬁmm
Degenerate “~._ 4 | _§_6Dqtet)
d-orbitals +4 .
CFSE =8 )q (tet)
Figure 3. The model used to describi the high octahedral crystal field

stabilization energy (CFSE) of the (r3* ion.

For a tetrahedral site, on the o her hand, the e-orbitals 1ie below the
t2 orbitals. 1In order to avoid spir pairing (and consequent electro-
static repulsion energy), therefore one of the 3d3 electrons must
reside in an upper t2 orbital. The ZFSE of this configuration is
-6Dgq(tet) x 2 electrons + 4Dg(tet) : 1 electron = -8Dq(tet). Taking Eq. 1
into account, therefore, the net excess stabilization energy for octa-
hedral coordination over tetrahedra coordination of Cr3+ is approxi-
mately -8.5Dq(oct). For typical cr)stals this amounts to an energy of

about 1 eV, which is a substantial tcaction of the binding energy per
cation.
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By a similar process it can readily e seen that no other 3d" con-
figuration can have an excess CFSE highir than Cr3+. Data for a number
of ions is given in Table 4.6 It is sern that Cr3+ has by far the
highest excess CSFE of any of the trans tion metal ions listed. The high
spin state of the 3d5 configuration has no net preference at all for
octahedral coordination because one ele:tron resides in each of the 5
orbitals in either coordination. It is interesting to note, for example,
that magnetite, Fe304, is an inverse sp nel, where the Fe3+ ions
occupy both octahedral and tetrahedral .ites, while the Fe2+ ion resides
on the other octahedral site.7 It shou d be noted that the lTow CFSE of
Ti3+ should not be a problem in crystal: without tetrahedral sites, such

as A1203.

Table 4. Crystal field stabilization er:rgies (kJ mol-T) estimated for
transition metal oxides.b

Octahedral Tetrahec -al Excess octahedral

Ion stabilization stabilize fion stabilization
Ti3+ (! 87.6 58.; 28.9

y3+ de 160.5 106.¢ 53.6
cr3+ 43 225.0 67.( 158.0
Mn3+ 44 135.8 40.: 95.5
Fed+ d5 0 0 0

Mn2+ ¢ 0 0 0

Fe2+ ¢b 49.9 33.1 16.8
Co+ d7 93.0 62.( 31.0
NiZ+ (8 122.3 36.( 86.3
Cu2+ d9 90.5 26.¢ 63.7

3.4 Absence of Low Spin First Excited ¢tates in Moderate Crystal Fields
There are a number of transition metal ions which can exhibit low spin
first excited states in only moderate <trength crystal fields. Once the
crystal field exceeds a certain critice! value, then, the downward fluo-
rescence transition becomes spin forbicien, with a significant reduction
in emission oscillator strength. Thus, in order to maintain a reasonably
high cross section for stimulated emisc<ion, the crystal field strength
must be kept below this critical value. Unfortunately, this leads to con-
siderably longer wavelength emission ar i, in general, less stability
against nonradiative relaxation. A ca¢2 in point is the Co2+ jon which
has been shown to exhibit laser emissic¢y in a number of low crystal field

host materials, but only at cryogenic 12mperatures where nonradiative
relaxation is minimized.



Low energy high spin states

State
(approx.) 4T, (15 €2) 41, (18 &3) “a, (3 e)
S T TR T
+ 6Dq
- 4Dq
HHte B+t 4+ 40
Absolute
energy -8Dgq + 2Dq +12Dq
Relative
energy 0 + 10Dg + 20Dq
Lowest ener 'y low spin state
State )
(approx.j 2 (tg el
Lo
+ 6Dq
- 4Dg
HH e
Absolute
energy F - 18Dq
Relative
energy P - 10D¢

Figure 4. The low energy high spin s ates and the lowest energy low spin
state of C02+, and the approximate d pendence of their energy on the

strength of the crystal field.

The conditions which produce low ¢2in first excited states in moderate
crystal fields can be understood qua’itatively by considering the 3d7
configuration of the Co2+ jon as depi:ted in Fig. 4. At low crystal
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fields (i.e. small Dg) the lowest energ' levels are high spin states. The
lowest energy low spin state is also shcwn in the figure. For very small
crystal fields, the energy of this low :pin state is higher than that of
the high spin states due to the additioral electrostatic repulsion energy
of the third pair of electrons filling " he t2g orbitals. As the crystal
field increases, the energy of the low .pin state decreases relative to
the ground state because of the additioral electron in the tZg orbital.
Let P represent the additional "spin pairing" energy of the low spin
2E(t6e) state. The energy separation b:tween the 2E(t6e) and 4T2(t4e3)
Tevels is P - 20Dg as shown in Fig. 4. For smal!l crystal fields (10Dg <
P/2), the first excited state is 4T2(t4 3). For crystal fields in
the intermediate range, P/2 < 10Dq < P, the first excited state becomes
the low spin 2E(tPe) state. For high ¢ ystal fields, 10Dg > P, the
low spin state would actually become th grourd state, but the transition
between the first excited state and the grounc state would still remain
spin forbidden. Thus, only for crysta! field strengths less than the
critical value, 10Dq = P/2, is the tran ition between the first excited
state and the ground state spin allowed and of reasonably high oscillator
strength. The 3d4, 3d5. 3d6, and 3d7 ¢ nfigurations all exhibit

similar behavior as can be seen in thei Tanabe-Sugano diagram58 in
Fig. 5.

3.5 Availability of Higher Crystal Fiel/| Splittings
In contrast to the situation described ibove, trivalent chromium does not
exhibit a low spin first excited state intil moderately high crystal
fields are reached. Tunable laser emis;ion has been observed on the spin
allowed 4T2 to 4A2 transition at much siorter, near infrared wave-
tengths. The effects of nonradiative r:laxation in Cr3+
and room temperature operation can usuz ly be attained.
Arguments completely analogous to trit given above show that the first
excited state of the 3d3 configuration »f Cr3+ does not drop in energy
relative to the ground state. Thus, tf: crystal field strength at which
the first excited state becomes a low ¢<)in state is approximately doubled
(i.e. the critical field strength is ncy given by 10Dg ~ P), as is

clearly seen in Fig. 6. At higher crys:al fields Cr3+ exhibits the

are reduced,
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Figure 6. The Tanabe-Sugano diagram for the 3d3 configuration shows
that the low spin states do not drop it energy as the crystal field
increases. Excited state absorption fiom the 4T2 level falls in the
gap between the second and third state: of the same spin. The diagram on
the right indicates that the ESA to the first 4T] excited state should
be narrow (with a small Stokes shift) tecause it has the same number of
e-electrons as the 4T2 state.

familiar spin-forbidden, R-1ine emissitn, which is responsible for 3-level
narrowband laser action in ruby. It s!iould be noted that the spin for-
bidden transitions in the 3d4, 3d5, 3d , and 3d7 configurations

would be broad rather than narrowband, thus leading to much smaller cross
sections for stimulated emission at an giver wavelength.

Examination of the Tanabe-Sugano di grams for the 3d2 and 3d8 con-
figurations show that they exhibit beh vior similar —o trivalent chromium
in this regard. Furthermore, the 3d} nd 3d9 configurations are even
better because for these simple "one-e ectron" configurations there is no
possibility of spin pairing, and there cre there s only one state of the
spin. All of these configurations sho 1d exhibit generally higher resis-
tance to nonradiative relaxation in th higher crystal field environments.
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3.6 Reduced Excited State Absorption

To date there is very little in the vay of direct measurements of the

effects excited state absorption (ES/'). However, in most of the 3d"

ions (2 ¢ n < 8) there are a large number of energy levels which produce

such absorption (upward transitions) from the metastable upper laser

level. These reduce the available giiin and efficiency of any laser based

on these ions and, if strong enough :an inhibit laser action altogether.

Note that for n = 1, and n = 9, this is not a problem since there is only

one excited state of the configuraticn (neglecting minor splittings).
Upward transitions which are spin allowed are generally the strongest,

and therefore are of most concern. or the 3d3 configuration of Cr3+

ESA is reduced because upward transi ions at the laser emission wavelength

fall in a gap between the two higher lying states of the same spin as

illustrated in Fig. 6. Furthermore, since the first and second excited

states have the same number of eg eli:ctrons, there should be less of a

shift in the position of the configu ation coordinate potential energy

minimum. Thus, the lower energy ESA band should be narrow, with less

chance of overlapping the emission bind. However, mixing of the two

4T] bands will broaden this absorptiin, especially at lower crystal

field strengths. Measurements of excited state absorption in Cr3+ by

Andrews, et.a].9 confirm that the em ssion band falls between the two

spin allowed ESA bands, but the lower ESA band was found to be much

broader than expected in GSGG:Cr. Bezause the excited state absorption

is nonvanishing in the region betweer the two 4T ESA bands, it is

still of significant concern for Cr3* lasers.
It is also important to point out that excited state absorption bands

will not have a significant effect i1 they are sufficiently weak. This is

apparently the case for MgFZ:Co2+ (3(7) whic? exhibits very high

lasing efficiency at cryogenic temperitures.'0

1

4. Summary Comparison of 3d" Ion Prop 2rties

An overall scorecard comparing the properties of the various common 3d
transition metal ions in light of the foregoing discussions is displayed
in Table 5. The qualitative grades civen in the table are generally self
explanatory. Question marks (?) indi:ate some uncertainty, ambiguity or
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unavailability of data. It is clear f om the overall ratings that the
3d3 configuration of the Cr3+ ion has 'he highest probability for suc-
cessful usage. The ion exhibits a num er of positive attributes, so the
discovery of a large number of tunable lasers based on it is understand-
able.

However, it could also be said that the success to date with Cr3+ is
to some extent simply a result of impr ved statistics. Table 5 is also
good for pointing out areas of special concern if other ions are to be
used successfully. If an adequate job of valence stablization is done,
and if tetrahedral coordination can be avoided (as in A1203) then the
T13+ ion looks very attractive. Simil. rly, i€ chemically stable condi-
tions can be attained, the Mn**
On the other hand there is clearly not much you can do with Fe

and Cu'" ions also look interesting.
3+

Table 5. An overall comparison (scorec:rd) of the attributes of the
common transition metal ions discussed in Section 3.

Absence of  Large

No. of low spin crystal
pump Chemical Octahidral  first excited  field Reduced
Configuration lon bands stability stabiliz tion states splitting ESA
3d? Ti3+ 1 _ , r ++ ++
3d! \Vand 1 - ++ ++ ++
3d? Ti2* 3 - . . . _
3d? V3 3 ? . N + _
343 v2* 3 - + + - ?
Lr3d3 Cr3+_ 3 + + B ) +::‘: + +J
343 mn* 3 - + + +
3d? cr?t 1 - . - +
3d* mMnd* 1 - +
3d® Mn?’ 0 + - -
3d° Fe3* 0 - -
3d® Fe?* 1 + : - - +
3d® Co® 1 - - +
34’ Co?* 3 + ‘ - ?
348 NiZ* 3 + : + ? ?

3d° cu?? 1 - 4 ++ ? ++
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5. The Tradeoff Between Emission Cros; Section and Excited State Lifetime
For flashlamp pumped energy-storage lisers it is desirable to have the
excited state lifetime as long as pos;ible consistent with a reasonably
high cross section for stimulated emi;sion. Short lifetimes require short
flashlamp pulsewidths to produce effi:ient operation, resulting in reduced
shot 1ife of the lamps. Low emissior cross sections imply high saturation
fluences. If the saturation fluence is too high the material can undergo
optical damage at fluences required for efficient energy extraction. As a
rough guideline lifetimes greater tha about 100 ps, and emission cross
sections greater than 2 «x 10'20 cm2 are desirable.

Unfortunately, in an isotropic matarial the product of the peak
emission cross section, o> and radiztive lifetime, T, are
constrained by the relation

\
o T =" (2)
L°r 8«cn2Av

where AL is the peak emission waveler yth, n is the refractive index of

the material, and Av is the effective bandwidth of the fluorescence
emission. This relation is plotted i1 Fig. 7 for values of AL = 750 nm,
and Av = 1700 cm-] which are typical »f Cr3+ emission.1] The solid

curves in the figure are for n = 1.4¢ (typical of fluoride materials) and n
= 1.85 (typical of oxide materials). Also plotted are lifetimes and cross
sections estimated on the basis of spactroscopic measurements of chromium
emission in a number of hosts. It ci¢1 be seen that it is quite difficult
to achieve an acceptable tradeoff in in isotropic material.

It has been recognized by a number of researchers, although perhaps not
widely appreciated, that the tradeoff can improve considerably in
anisotropic media. In a uniaxial cry;tal, for example, the emission cross
sections, o and S for m- and o- pciarizations, respectively, can
be treated independently according t<

o= """, A (3
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Figure 7. Illustrating the difficult t-adeoff between radiative lifetime
and emission cross section. Curves we e generated using Eqs. (2) and (6)
with 3 = 750 nm, Av = 1700 cm_1, and 1 = 1.85 (typical of oxides)

or n = 1.44 (typical of fluorides). ¢$)»1id curves are for isotropic media
while dashed curves are for idealized inisotropic media with emission con-

centrated in one polarization.

and,

grcn“av ©
where A1r and Ao are the spontaneous emission rates for the two
polarizations. The total radiative de:zay rate is given by

1 2
=3 AL +3 A0 (5)

The optimum situation occurs when the 2mission rate for w-polarization
is substantially higher than that for »s-polarization. If the o-

polarized emission rate can be negleci2d (3) and (5) can be combined to
yield



2
L

8wcn2Av

A

o T_ =3

(6)
T

Thus, as much as a factor of three in:rease in the o-t product can be

had if the emission dipoles are apprcoriately aligned. The dashed curves
in Fig. 7 were obtained by multiplyiny the solid curve values by 3, thereby
indicating the approximate 1imiting vilues which can be achieved in highly
anisotropic media.

It is well known that the biaxial :rystal alexandrite, BeA1204:Cr,
exhibits just such a high anisotropy, with the emission rate in one polar-
jzation exceeding that of each of the other two by a factor of 10.1
However, the advantage is substantially reduced in this case by the sharing
of population between the 2E and 4T2 levels which lowers the effec-
tive emission cross section.

6. Conclusion

The Cr3+ ion has been used as the optical activator in numerous crystal-
line laser materials. It has been stoywn that this success can be attri-
buted to a number of positive attribites of its 3d3 electron configura-
tion. HKWhile excited state absorptior is reduced due to the positions of
the spin allowed ESA bands, its nonvinishing effect on laser emission is
still of significant concern, and may limit achievable efficiency in many
materials. A number of other transiiion metal ions show promise if their

weak points can be overcome. Finall', improvements in performance of

flashlamp pumped materials are possible through the alignment of emission
dipoles in anisotropic media.
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